Bilateral and ipsilateral wing-wing interactions can be commonly observed in insect flights. As a representative example of ipsilateral wing-wing interaction, dragonflies in flight have been widely studied. It has been discovered that they utilize changes of phase between ipsilateral forewings and hindwings at different kinds of flying mode. In the current study, we present a direct numerical simulation of a modeled dragonfly in slow flight as reported in Azuma et al (1985). Realistic morphologies of wing, body, and kinematics are used for maximum including wing and body features of a dragonfly. This work aims to study the relations between waketopology and aerodynamic performance due to wing-wing and wing-wake interactions of dragonfly ipsilateral wings. Current high fidelity numerical results are also compared with lowerfidelity aerodynamic modeling method discussed in Azuma et al (1985) .
I. Introduction
lapping-wing propulsion presents a unique set of interrelated issues in aerodynamic, structural, and flight control design. Aerodynamically, the flow field is dominated by an array of unsteady flow mechanisms (e.g. Ellington, 1984 ; Sane et al, 2002; Thomas et al, 2004 ). It's commonly to see the bilateral and ipsilateral wing-wing interactions in insect flights. As a representative example of ipsilateral wing-wing interaction, dragonflies in flight have been widely studied. Dragonflies can hover, speedily fly and agilely maneuver in the air. This functionally four-winged insect (Maybury et al, 2004; Wang et al., 2003) can actively change wing kinematics in a single wing and actively control the phase difference between forewing and hindwing during the stroke cycles (Wakeling, 1993) . In general, the phase relationship between ipsilateral forewings and hindwings of a dragonfly varies with a range of 54-100° (Lehmann, 2008) . For this phase-shift flight, Azuma et al. (1985) found out that the complex wake structures produced by the forewing would affect the lift production of the hindwing. However, there is still lack of experimental and computational flow visualization studies on vortex dynamics and associated the force production due to the beat wings of a dragonfly.
To this end, we describe a direct numerical simulation that explores the vortex structures and aerodynamic performance of a dragonfly in slow flight as studied by Azuma et al (JEB 1985) . However, an Aeshna juncea is used in the CFD model instead of the Sympetrum frequens in Azuma's study. The development and stability of the leading-edge vortices generated by both forewings and hindwings with prescribed flapping kinematics will be examined. Wing-wing interaction, wing-wake interaction, and associated unsteady aerodynamics are of particular interests in this paper. Comparison between high fidelity direct numerical simulation and lowerfidelity aerodynamic modeling method, i.e., Local Momentum Theory (LMT) (Azuma et al. 1 Ph.D Student, AIAA Student Member. 2 Assistant Professor, AIAA Senior Member, haibo.dong@wright.edu. 1985) , is also conducted in the paper.
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II. Results
A second-order finite-difference based immersed-boundary solver (Dong et In this section, a sequence of computational studies that explore the wake structures and the aerodynamic performance of a modeled dragonfly (Aeshna juncea) in slow flight are presented. Model configuration and kinematics approach are discussed first. Following this, aerodynamics of dragonfly wings and associated the wake topology due to wing-wing interaction are examined.
A. Model Configuration and Kinematics Modeling Approach
In this paper, we employ a model of an Aeshna juncea (Figure 1 Mathematic approach for controlling wing kinematics (Azuma et al 1985) is used in this paper. As shown in Figure 1(c) , the wing is rotated about the wing hinge on the body. Controlling parameters are shown in the plot. Here, the kinematics can be mathematically described as followings:
Stroke angle for forewings (f) and hindwings (h):
2 47 cos 77 . 
where In this computational model setup, the dragonfly body has a 10 o inclined angle to the x-axis (Azuma et al 1985) . The plane forewing flaps has 37 o to the x-axis and the plane hind wing flaps has 40 o to the x-axis (Figure 2c ). The hindwing leads forewing motion 77 o for this flight. The flow velocity is set to 0.5m/s since the dragonfly was moving to the up-left at the same velocity. This implies that the dragonfly produces both lift and thrust at this flying mode. Here, a typical half stroke for both forewings and hindwings consists of initial pitching-down rotation with translational acceleration, followed by constant-speed translation at a constant angle of attack except sinusoidal translation of hindwing upstroke, and finally pitching-up rotation with translational deceleration, as shown in Figure 2a and 2b. Due to the 77 o phase difference, the hindwing could not show a complete half cycle in Figure 2b . To simplify the study, rigid flapping wings are studied in this paper. Deformable wings are under consideration in the future study.
Based on grid and domain size independence studies studies, a domain size of 30×30×30 and a 185 × 153 × 201 grid (~ 5.7million meshes total) has finally been chosen for all simulations. The dragonfly is located in the middle of the computational domain. Reynolds numbers of 216.5 and a reduced frequency of 1.7696 based on the freestream velocity are chosen for the computational study.
B. Analysis of Dragonfly in Slow Flight
The objective of this set of simulations is to examine vortex formation of wing-wing and wing-wake interactions as well as aerodynamic performance. (Figure 3c) , hindwings began the upstroke and the trailing edge vortices were shed so that another vortex ring was formed around the hindwing (red circle). During this period, the leading edge vortices were attached with both forewings and hindwings and implied lift production of both forewings and hindwings. This can be verified in the time variation of vertical forces as shown in Figure 4 (a) and Figure 4(b) , where significant lift production can be found. Figure 4 also shows the comparison between the direct numerical simulation and the low fidelity aerodynamic modeling (red dots), Local Momentum Theory (LMT), done by Azuma et al (1985) . The LMT did very good job on force prediction of forewing which has minimum wingwake interaction due to incoming freestream flow (see Figure 4a) . However, There are big discrepancies between the force prediction of hindwings and forces calculated from DNS, especially on the lift prediction as shown in Figure 4b .
At t/T=0.425, forwings and hindwings first time interacted through each other while forewings kept rotating. At t/T= 0.5 as shown in Figure 3 Figure 3e and 3f show the merging of the shed vortices by both forewings and hindwings and they are moving to the opposite directions. Hindwings has negative lift and thrust production at this moment. However, forewings were experiencing another lift and thrust production. The second wing-wing interaction between forewings and hindwings happened at t/T=0.9 (Figure 3g and 3h). After this interaction, hindwings were ready to have another round of lift production. From Figure 4 , LMT did pretty good job after the second interaction. This is because the interaction happens on the dorsal and wing-wake interaction was not obvious.
III. Summary
A finite-difference based immersed boundary solver has been used to explore the wake structures and the aerodynamic performance of a full body dragonfly in slow flight. The simulations indicate that the wake structure is significantly distorted due the wing-wing interaction between ipsilateral forewings and hindwings. As a result, both lift and thrust have been augmented on hindwings, whereas there is no visible influence to forewings based on the DNS results. This makes wing-wing and wing-wake interactions are important enough and cannot be neglected for dragonfly flight when we develop the low-fidelity aerodynamic tool for flapping wing force predictions.
